Hypoeutectic CuZr binary alloys have originally been studied in order to develop wires with both high strengths and high electrical conductivities. This study aimed to improve the electrical conductivities of Cu0.5, Cu1 and Cu2 at% Zr alloys, which have Zr contents lower than those of high-strength Cu3, Cu4 and Cu5 at% Zr alloys. Cast rod samples, whose lengths and diameters were 180 and 12 mm, respectively, were prepared by copper-mold casting and wire-drawn to diameters in the range of 10.031 mm (drawing ratio, © = 4.811.1). The microstructures and mechanical properties of the obtained wires were investigated and compared to those of Cu3, Cu4 and Cu5 at%Zr alloy wires that had been investigated in a previous study.
Introduction
High strength and high electrical conductivity are properties desirable in copper and copper-alloy wires that are used in miniaturized electronic devices. High strength is needed so that the wires can endure the severity of the finishing work of being shaped into small coils and twisted cables. 1) High electrical conductivity is needed as these wires play the role of an electrical conductor. We have previously investigated hypoeutectic CuZr binary alloys and have studied the microstructures and mechanical properties of rapidly solidified, cast, 24) and powder-metalized 5) variants of such materials, as well as of wires drawn from them, for the purpose of developing high strength and electrically conductive copper alloys. As a result, we were able to report that nanofiber-like structures were formed in the ¡-Cu phases of these materials and that eutectic phases, which consisted of ¡-Cu phases and phases of the intermetallic compound Cu 9 Zr 2 , developed in the wires drawn from the hypoeutectic Cu3, Cu4 and Cu5 at%Zr 24) alloys. We also found that these drawn wires exhibited strengths and electrical conductivities higher than those of commercially available wires drawn from copper-beryllium alloys. 68) In particular, the wire drawn from Cu5 at%Zr with a drawing ratio (©) of 8.6 exhibited a remarkably high ultimate tensile strength, of 2.2 GPa. 8) Several studies describing the production and the characteristics of cold-worked materials such as CuAg, 916) CuCr 1720) and CuNb alloys, 21, 22) in which lamellar structures of the second phase developed, have been reported. However, unlike CuZr alloys, 8) these materials did not exhibit strengths greater than 2 GPa at lean compositions. Furthermore, these studies did not endeavor to achieve materials with broad-ranged and high strength and electrical conductivity values.
This study aimed to improve the electrical conductivities of Cu0.5, Cu1 and Cu2 at%Zr alloys, i.e., alloys that have lower Zr content than those of Cu3, Cu4 and Cu5 at%Zr alloys. It investigated the microstructures and mechanical properties of these materials in cast and wire-drawn forms and compared their strengths and electrical conductivities with those of their Cu3, Cu4 and Cu5 at%Zr counterparts, which have been reported previously.
68)

Experimental Procedures
Preparation of specimens
Cu (99.99 mass%) and Zr (>99.95 mass%) were melted in an argon-gas atmosphere using a high-frequency inductionheating furnace and cast into a copper mold with a rodshaped cavity. The resulting Cu0.5, Cu1 and Cu2 at%Zr alloy ingots, which had starting diameters of 12 mm and lengths of about 180 mm, were solidified. Their oxygen content, which was measured by a method that used helium gas-fused infrared absorption, was reduced to about 60 mass ppm by controlling the atmosphere during the melting process. Layers 0.5 mm in thickness were peeled from the surfaces of these cast bars by turning, and both ends of the bars were cut by 1015 mm, resulting in bars 155 mm in length that were then used for the wire-drawing process. During the wire-drawing process, these bars were drawn by channel-rolling till their diameters were 0.5 mm, with occasional thermal treatments at 923 K. Thereafter, they were cold-drawn into wires 0.5 mm in diameter (drawing ratio © = 4.8) by using cemented carbide dies and into wires 0.031 mm in diameter (© = 11.1) by using diamond dies. The drawing ratio (©) was calculated using eq. (1), where A 0 and A are the original and final cross-sectional areas of the drawn wires, respectively.
2.2 Electrical conductivity measurements, tensile tests and structural observations The electrical conductivities of the Cu0.5, Cu1 and Cu 2 at%Zr alloy wires were calculated using eq. (2), given below, where the electrical conductivity (EC) of a sample conforming to the International Annealed Copper Standard (IACS) is 1.7241 µ³·cm at 293 K, and µ is the electrical resistivity of the specimen measured by a four-probe technique at room temperature.
EC ð%IACSÞ ¼ 1:7241=µ Â 100 ð%Þ ð 2Þ
Tensile tests were performed on these drawn wires at room temperature using a multifunctional tensile-testing machine that conformed to the JIS B7721 Class 0.5 standard (Shimadzu AG-I) and had a gage length of 100 mm and cross-head speed of 1 mm/min (corresponding to a strain rate of 1.7 © 10 ¹4 s ¹1 ). The ultimate tensile strengths and elongations were measured three times in order to obtain average values. The microstructures of the cast and wiredrawn specimens were observed using backscattered electron images (BEI) obtained using a scanning electron microscope (SEM), an inverse pole figure (IPF) map obtained using the electron backscattering diffraction (EBSD) technique, and bright field (BF) images resulting from scanning transmission electron microscopy (STEM). Prior to the STEM-based observations, the wire-drawn specimens were first processed into a thin film using a focused ion-beam (FIB) thinning apparatus (Hitachi FB2000A) at an acceleration voltage of 30 kV and then ion-milled using a precision ion-polishing system (Gatan PIPS Model-691). The STEM-based observations were made using a field-emission transmission electron microscope (FE-TEM) (JEOL JEM-2010F) working at an acceleration voltage of 200 kV, and selected area electron diffraction (SAED) and nanoelectron beam diffraction (NBD) patterns were obtained. In addition, X-ray diffraction (XRD) analysis was performed with an XRD system (Rigaku RAD-RU300) using CoK¡ radiation.
Results
Microstructures of the cast specimens
Figures 1(a), 1(b) and 1(c) show the SEM-BEI micrographs of the cross-sections perpendicular to the longitudinal direction of the cast Cu0.5, Cu1, Cu2 at%Zr alloy samples, respectively. The bright and dark parts of the dendrites seen in Fig. 1 are the eutectic and ¡-Cu phases, respectively. The volume fractions of the eutectic phases in these microstructures increased with an increase in the Zr content, and the cross-sectional area under observation changed in structure from a dispersive type into a dendritic type. It can be seen that the fine eutectic phase with its size being less than 10 µm is dispersed in the Cu0.5 at%Zr alloy. The black spots in Fig. 1 represent contaminants (particles of the polish used) and have no relation to the microstructures. Figure 2 shows the XRD diffraction patterns of the Cu 0.5, Cu1 and Cu2 at%Zr alloys. Diffraction peaks attributable to the matrices of the primary ¡-Cu phase and the intermetallic compound Cu 5 Zr of the eutectic phase can be observed. Furthermore, other peaks, related to an unknown phase and indicated by the arrows, were detected. These peaks were not in accordance with the diffraction angle of any intermetallic compound (e.g., Cu 9 Zr 2 ) seen in the CuZr equilibrium phase diagram. Fig. 3(a) indicate these points. Structural analyses of the alloy ingots was done using a field-emission type scanning electron microscope (FE-SEM) (JEOL JSM-7000F), and the IPF measurements were made using an orientation imaging microscopy system (OIM) (TexSEM Laboratories). The step size for the IPF measurements was 0.05 µm, and the measurement area was 15 µm © 15 µm. The channeling patterns were obtained using an electron beam having a diameter of approximately 10 nm. It can be seen in Fig. 3(a) that the dark primary ¡-Cu phase has areas with two different contrast levels. This means the primary ¡-Cu phase had two different orientations in the matrices. The ¡-Cu part of the eutectic phase has the same contrast level (dark) as those of the matrices. Cu 5 Zr (at point C) in the eutectic phase. These results suggest that the three points, A, B and C, all have the same orientation. This similarity in the orientations was frequently noticed in the other images as well. It is assumed that apart from an ¡-Cu phase in an eutectic, many portions of the intermetallic-compound-Cu 5 Zr phase have orientations similar to that of a primary ¡-Cu phase. Thus, the parting lines between the primary ¡-Cu and eutectic phases were not absolute solidification boundaries. In contrast, the ¡-Cu matrices and the eutectic phases are coherent in many sections. These results were similar to those of a study by Kajiwara et al. 24) on the microstructure of parallely oriented ¡-Cu and intermetallic compound Cu 9 Zr 2 phases in a CuZr eutectic alloy. Fig. 4(a) . The SAED patterns of the point A (Fig. 4(c) ) and the point B (Fig. 4(d) ) apparently show the different orientations of the ¡-Cu matrices. Table 1 
Microstructures of the wire-drawn specimens
It was possible to draw down all the cast Cu0.5, Cu1 and Cu2 at%Zr alloys, which had starting diameters of 11 mm, to 60 µm in diameter (© = 10.4). The Cu1 at%Zr alloy specimens could be further wire-drawn down to 31 µm in diameter (© = 11.7). The surfaces of the wire-drawn specimens did not exhibit any defects, and their cross-sections were perfectly circular in shape. Figures 5(a) and 5(b) show the SEM-BEI micrographs of the cross-sections parallel to the longitudinal direction of the Cu0.5 at%Zr alloy wire drawn to 43 µm in diameter (© = 11.1) and the Cu1 at%Zr alloy wire drawn to 60 µm in diameter (© = 10.4), respectively. It can be seen in both micrographs that the cast structures were broken by heavy shear deformation and that the eutectic phase deformed into pancake-like or fiber-like structures along the drawing direction. The eutectic phase of the Cu0.5 at%Zr alloy, shown in Fig. 5(a) , exhibits more of the pancake-shaped structures while that of the Cu1 at%Zr alloy, shown in Fig. 5(b) exhibits more of the fiber-like ones. This suggests that the eutectic phase can become fiber-like in structure during wire-drawing when the Zr content is more than 1 at%. It is assumed that the changes in the structure originate from the difference of deformation ability caused by the crystal structures which change during wire-drawing and also the geometric factor by the size of the widths of the eutectic phase which will become right-angled with the drawing axis (DA). The Cu0.5 at%Zr alloy has a number of eutectic phases that have widths greater than 2 µm, as can be seen in Fig. 5(a) . These phases have widths much greater than that of the shear-deformed ¡-Cu phase. On the other hand, in the Cu1 at%Zr alloy, the widths of the eutectic phases are lesser than 2 µm, as can be seen in Fig. 5(b) . It is thought that this is caused by the difference in the changes in the crystal structure resulting from the wire-drawing process, as shown in Table 3 in the Discussion section. However, the exact reason will only be after further investigations. Moreover, small cavities formed by shear deformation appeared at the ends of the deformed particles in the eutectic phase, as indicated by arrows in Figs. 5(a) and 5(b). These cavities were not observed in the Cu3, Cu4 and Cu5 at%Zr alloy wires.
68) It seems that the volume fraction of the eutectic phases decreased, and they dispersed with a decrease in the Zr content and that the deformation stress concentrated around these isolated particles in the matrices during the wire-drawing process.
Figures 6(a) and 6(b) show the STEM-BF images of the cross-sections parallel to the drawing-axis of the Cu 0.5 at%Zr alloy wire drawn to 43 µm in diameter (© = 11.1) and the Cu1 at%Zr alloy wire drawn to 60 µm in diameter (© = 9.8), respectively. The image in Fig. 6 (a) exhibits a complex microstructure with the ¡-Cu phase and the phase of intermetallic compound Cu 5 Zr present. Moire patterns can be observed in the intermetallic compounds. This suggests that a number of compounds were stacked depth-wise. The NBD patterns shown in Fig. 6(a) were obtained from the intermetallic compound at the point marked 1. On the other hand, from Fig. 6(b) , it was observed that the ¡-Cu phase deformed and was elongated around the intermetallic compound to a size of 300 nm, as indicated by the arrow, and this microstructure seemed to consist of dislocations induced by the shear deformation in high density. The NBD patterns shown in Fig. 6(b) were obtained from the point marked 2. The pattern exhibited diffraction spots d 1 , d 2 and d 3 in addition to the spots of the ¡-Cu phase. The lattice parameters obtained from these NBD patterns are shown in Table 2 . The table also lists the other lattice parameters calculated at the specific lattice planes of the intermetallic 3 . These results suggested that the intermetallic compounds formed in the eutectic phase changed with the Zr content. The intermetallic compound Cu 9 Zr 2 that appeared in the Cu 0.5 at%Zr alloy wire was also observed in the eutectic phase of the high-strength and highly electrically conductive Cu 4 at%Zr alloy wire. 6) 3.3 Electrical conductivities and tensile strengths of the wire-drawn specimens Figure 7 shows the electrical conductivities (ECs) and ultimate tensile strengths (UTS) as functions of the drawing ) between the values of the drawing ratio and ultimate tensile strength (UTS) for the drawn Cux at%Zr (x = 0.5, 1 and 2) alloy wires. Table 3 Comparison of the intermetallic compound phases observed in the hypoeutectic phases of the as-cast and wire-drawn Cux at%Zr alloys. The data for the wires of alloys with x = 3, 4, 5 are from the study by Muramatsu et al. ratio (©) for the Cu0.5, Cu1 and Cu2 at%Zr alloy wires. Figure 7 also shows the results obtained by Muramatsu et al. 6, 7) for the high-strength and highly electrically conductive Cu4 at%Zr alloy wire. As shown in this figure, the ECs decreased with zirconium content, and also decreased as the drawing ratio (©) increased. On the other hand, the UTS values increased with an increase in the value of ©, and were nearly proportional to ©. A similar tendency was noticed in the EC and UTS values of the Cu3, Cu4 and Cu5 at%Zr alloy wires. 6) However, the decreases in the EC values and increases in the UTS values as functions of the © values for the Cu0.5, Cu1 and Cu 2 at%Zr alloy wires were lower than those for the Cu3, Cu4 and Cu5 at%Zr alloy wires. 6) This suggested that the EC and UTS values depended on the volume fraction of the eutectic phase and were affected by the mechanism by which the intermetallic compounds and the nanofiberlike microstructures were formed by during the wiredrawing process. The EC and UTS values of the Cu0.5, Cu1 and Cu2 at%Zr alloy wires, shown in Fig. 7 , are 6183%IACS and 6901010 MPa for values of © greater than 8.0. Figure 8 shows the relationship between the ultimate tensile strengths (UTS) and the electrical conductivities (ECs) of the Cu0.5, Cu1 and Cu2 at%Zr alloy wires. Figure 8 also shows the relationship between these properties for a few commercially available copper alloys and for the highstrength and highly electrically conductive Cu3, Cu4 and Cu5 at%Zr alloy wires 68) for comparison. It is apparent from this figure that the curve showing the inevitable trade-off between these two properties for the Cux at%Zr (x = 0.55) alloy wires changed gradually when compared to those for the commercially available alloys. The figure also shows that the UTS values of the Cux at%Zr (x = 0.55) alloy wires were significantly higher than those of the other alloys for the same electrical conductivity values. The EC and UTS values of these CuZr alloy wires were 16 83%IACS and 6902234 MPa, respectively, which were remarkably high.
Discussion
We investigated the reasons why the intermetallic compound (Cu 5 Zr) in Cu0.5, Cu1 and Cu2 at%Zr alloys and the intermetallic compound (Cu 9 Zr 2 ) in the Cu3, Cu4 and Cu5 at%Zr alloys were different in the case of as-cast ingots of these alloys, when these compounds have cubic and tetragonal systems of symmetry, respectively. Furthermore, we also investigated the reasons why the intermetallic compound Cu 5 Zr transformed into Cu 9 Zr 2 or Cu 8 Zr 3 during the wire-drawing process. Table 3 compares of the intermetallic compound phases observed in the hypoeutectic phases of the as-cast Cu0.5, Cu1 and Cu2 at%Zr alloys and those observed in the wires drawn from these alloys, along with the ingot diameters and drawing ratios. It also lists the results for the Cu3, Cu4 and Cu5 at%Zr alloys obtained by Muramatsu et al.
6) The diameter and intermetallic compound for the as-cast Cu0.5, Cu1 and Cu 2 at%Zr alloys were 12 mm and Cu 5 Zr, respectively, and 3 mm and Cu 9 Zr 2 for the as-cast Cu3, Cu4 and Cu5 at%Zr alloys. This suggested that the structure of the intermetallic compound was related to the cooling rate during solidification, which, in turn, was dependent on the diameters of the cast ingots. We assume that the Cu0.5, Cu1 and Cu 2 at%Zr alloys solidify quickly from the primary ¡-Cu phase into the eutectic phases and that the strains induced by shrinkage within or on their phase boundaries become larger. It is thought that the magnitude of the strains determines whether Cu 5 Zr or Cu 9 Zr 2 is formed in the eutectic phase. If this is true, then the lattice parameters of the intermetallic compound Cu 5 Zr having a cubic system are a = b = c = 0.6870 nm and those of the intermetallic compound Cu 9 Zr 2 having a tetragonal system are a = b = 0.6856 nm and c = 0.6882 nm. 25) These parameters are very close to each other in values. Therefore, it is thought that even a small strain owing to shrinking during the solidification process increases the c-axis value of the intermetallic compound Cu 5 Zr and transforms it into Cu 9 Zr 2 . This transformation of the intermetallic compound during the casting process should be investigated further using specimens of the as-cast Cu0.5, Cu1 and Cu2 at%Zr alloys of the same diameter (12 mm).
In particular, large strains on their surfaces and smaller strains around their cores should be compared. We will further investigate and try to understand the transformation mechanism mentioned above more clearly by performing XRD analyses and TEM-based observations on as-cast and wiredrawn CuZr alloy samples.
As shown in Fig. 3 , the ¡-Cu phase (lattice parameters a = b = c = 0.3615 nm) and the intermetallic compound Cu 5 Zr (a = b = c = 0.6870 nm) have a similar orientation in the eutectic phase. Furthermore, both of them are coherent, as shown in Fig. 4 . However, the Kikuchi patterns of the intermetallic compound Cu 5 Zr, shown in Fig. 3(e) are indistinct. These facts suggest the crystal structure of a part of the phase of the intermetallic compound Cu 5 Zr is probably imperfect. For example, it can be assumed that a zirconium atom replaces a copper atom at a substitutional or interstitial site in the ¡-Cu phase, or inversely, a copper atom replaces a zirconium atom at the same sites in the phase of the intermetallic compound Cu 5 Zr around the boundaries of these phases, leading to fluctuations in the concentrations. This imperfect crystal structure can result in the appearance of the unknown peaks seen in Fig. 2 and the deformationinduced transformation of the intermetallic compounds during the wire-drawing process used in this study.
A large shear strain was induced in the Cu0.5 and Cu 1 at%Zr alloy wires drawn with © approximately equal to 11, and this strain may cause a strain-induced transformation of Cu 5 Zr into Cu 9 Zr 2 (tetragonal system; a = b = 0.6856 nm, c = 0.6882 nm) and Cu 8 Zr 3 (orthorhombic system; a = 0.7869 nm, b = 0.8155 nm and c = 0.9985 nm). This assumption is be supported by the existence of small cavities that are formed at the ends of the deformed particles in the eutectic phases of the Cu0.5 and Cu1 at%Zr alloy wires shown in Fig. 5 . It is assumed that one of the reasons for the different structures of these intermetallic compounds is the difference in the extent of deformation during the wiredrawing process, as shown in Figs. 5(a) and 5(b). It can be surmised that these transformations of the intermetallic compounds during the wire-drawing process effectively depend on the volume fraction and dispersion of the eutectic phases in the cast ingots. We intend to investigate these transformation phenomena and their underlying mechanisms further.
Conclusion
The microstructures and mechanical properties of cast and wire-drawn Cu0.5, Cu1 and Cu2 at%Zr binary alloys were examined in order to improve their electrical conductivities. Their properties were compared with those of high strength and highly electrically conductive Cu3, Cu4 and Cu5 at%Zr alloys having nanofiber-like structures. The obtained results are as follows:
(1) The as-cast Cu0.5, Cu1 and Cu2 at%Zr alloys consisted of ¡-Cu and eutectic phases, and the eutectic phase further comprised ¡-Cu and intermetallic compound Cu 5 Zr phases. The volume fraction of the eutectic phases increased with zirconium content, and the structure of the phases changed from dispersive into dendritic. (2) The crystal orientations of the primary ¡-Cu phase and the eutectic phases of the as-cast Cu0.5, Cu1 and Cu2 at%Zr alloys were in good agreement around the solidification boundaries. (3) The intermetallic compound Cu 5 Zr of the eutectic phase in the cast ingots transformed into Cu 9 Zr 2 in the case of the Cu0.5 at%Zr alloy and into Cu 8 Zr 3 in the case of the Cu1 at%Zr alloy during the wire-drawing process. (4) The electrical conductivities (ECs) and ultimate tensile strengths (UTS) depended on the volume fraction of the eutectic phases, but the increases or decreases in the values of these properties with a change in the drawing ratio were smaller than those for the high-strength Cu 3, Cu4 and Cu5 at%Zr alloy wires. (5) The EC and UTS values of the Cu0.5, Cu1 and Cu2 at%Zr alloy wires drawn at values of © greater than 8.0 were 6183%IACS and 6901010 MPa, respectively.
